Background. Appropriate regulation of grip force is essential in performance of various activities of daily living such as drinking, eating, buttoning a shirt, and so on. The extent to which individuals with multiple sclerosis (MS) are able to regulate grip forces while performing elements of the activities of daily living is largely unknown. Objective. To investigate how individuals with MS control grip force during performance of functional tasks. Methods. This study evaluated the grip force control in selected individuals with MS (n = 9) and healthy control subjects (n = 9) while they performed the task of lifting and placing an instrumented object on a shelf and the task of lifting the object and bringing it close to the mouth to mimic drinking. The grip forces, object acceleration, force ratio, and time lag were recorded and analyzed. Results. The individuals with MS used significantly larger peak grip force and force ratio than control subjects while performing both tasks and for both hands. In addition, the time lag between the peaks of grip and load forces was significantly longer in individuals with MS. Conclusion. The application of excessive grip force could predispose individuals with MS to additional fatigue and musculoskeletal overuse trauma. Rehabilitation protocols for the MS population may need to account for increased levels of grip force applied during the performance of functional tasks.
A ppropriate regulation of grip force is essential in performing various activities of daily living (ADLs), such as drinking, eating, and buttoning a shirt. Proper modulation of grip force is also crucial for the execution of a number of work-related activities. [1] [2] [3] [4] Successful object manipulations are based on the application of forces that are sufficiently large to prevent slips but are not excessive to prevent fatigue and damage the lifted object. The capability to scale grip forces depends on many factors, such as gender, handedness, age, and disease. 3, [5] [6] [7] Elderly persons apply larger grip forces to manipulate an object. 3, 6, [8] [9] [10] [11] Also, individuals with stroke, cerebellar disorders, and impaired tactile sensibility commonly produce inefficiently elevated grip forces while performing simple daily tasks. [12] [13] [14] Individuals with multiple sclerosis (MS) may present with tremors, balance disturbances, hand incoordination, fatigue, and dependence on others for ADLs. 15, 16 Patients with MS show impairment in upper extremity function. 17 Other studies involving reaching tasks showed delayed onset, slower execution, and aiming inaccuracies. [18] [19] [20] [21] Pinch and grip strength was less than in control subjects and manual ability was more associated with pinch than power grip. 22 In addition, recent studies on grip force control demonstrated that individuals with MS applied larger grip forces than healthy counterparts while performing static and dynamic manipulative tasks. 15, 23 These studies, however, did not use common functional tasks, limiting the applicability of the findings to neurorehabilitation assessment and intervention.
We investigated grip force modulation in individuals with MS while performing functional tasks. The hypothesis is that individuals with MS would apply larger grip force when compared with healthy control subjects.
Methods

Subjects
Nine individuals with MS (3 men, 6 women; mean age 45.9 ± 3.6 years) participated in the study. The inclusion criteria were relapsing-remitting type of MS, the ability to perform a task of grasping and lifting an object, Expanded Disability Status Scale score 24 less than 6, independent living, and intact vision. The exclusion criteria were tremors, balance problems, musculoskeletal and cognitive impairments, and history of drug or alcohol abuse. Subject characteristics are presented in Table 1 . Nine age-matched and gender-matched control subjects who were free from any known neurologic or muscle disorders also participated. The Semmes-Weinstein monofilament test was used to assess the sensory threshold. Jamar dynamometry assessed grip strength, and a Nine Hole Peg Test was used to measure manual dexterity and hand coordination. All subjects signed an informed consent form approved by the University of Illinois at Chicago Institutional Review Board.
Apparatus
An instrumented object designed in the form of a cylindrical plastic cup (6 cm diameter, 16 cm height, total weight 312 g) was used in the experiments. The cup had a unidirectional strain gauge (model 208CO3; PCB Piezotronics, Inc, Depew, NY) that was located at its center 9 cm from the bottom of the cup and extended out 2 sides with metallic projections 9 cm each. The strain gauge measured the grip force applied by the thumb and the 4 opposing fingers. Three piezoelectric accelerometers (model 333B32; PCB Piezotronics, Inc) were mounted on the cylindrical cup to measure the acceleration in the x, y, and z planes ( Figure 1) . A personal computer with customized LabView software was used to control the experiments, collect the data, and perform data alignment.
Experimental Procedures
Before starting the experiment, the subjects washed their hands. Alcohol swabs were used to further clean the individuals' fingertips and the metallic surfaces of the cup. The participants sat in an adjustable chair in front of a table with their trunk upright and feet flat on the floor. The elbow of the experimental hand was flexed to approximately 90° with the wrist in a neutral position and forearm in a mid-prone position. The subjects were instructed not to move the trunk while performing the experimental task.
The subjects were instructed to perform 2 functional tasks. First, they lifted the cup from the table and placed it on a shelf at a height of 20 cm and at a distance of 26 cm from the initial position of the cup on the table. This task was called "placing task," which resembles a common element of ADL. Second, they simulated drinking water from the cup. They lifted the cup, moved it close to the mouth, held that position for a couple of seconds, and then placed it back at the starting position. A plastic straw was used to mimic the task of drinking water to avoid tilting the cup. This was the "drinking task."
In both tasks the subjects were directed to perform the lift of the object by opposing the thumb and 4 fingers in a selfpaced manner after hearing an auditory signal and to maintain similar speed of movement throughout. These 2 lifting tasks were performed without an additional load so that the total weight of the cup was 312 g (small) and with an additional load of 226 g so that the total weight of the cup was 538 g (large). The subjects were instructed to keep the cup vertical at all times during the task; the experimenter paid special attention to the object position. There were 5 trials in each series, and the order of tasks and conditions was randomized for each subject. The interval between the trials was 2 seconds; the intervals between consecutive series were about 1 minute to avoid fatigue. The subjects performed a few practice trials in 
Figure 1 Schematic Representation of the Instrumented Object
Note: GF is a force applied on the grasping surfaces by the thumb and 4 fingers. each series prior to the start of data collection. They were instructed to complete the tasks within each experimental series as similar as possible.
Two series of 5 trials each were performed to calculate the slip force and maximum grip force. First, the participants were asked to lift the object, hold it for a couple of seconds, and then gently decrease the grip force until the object started to slip between the fingers and the thumb to establish the slip force. Second, the participants were instructed to lift the object and apply their maximum force for approximately 2 to 3 seconds.
The tasks were performed with each hand. The upper extremities of the individuals with MS were classified into more affected and less affected based on diagnosis and the results of assessment of strength, sensory, motor, and coordination ability. The extremities of the healthy subjects were classified as dominant and nondominant based on self-report.
Data Processing
The signals from the force sensor and 3 accelerometers were sampled at 100 Hz with a 16-bit resolution using LabView software and stored for off-line processing on a computer. Each trial was later viewed on a monitor and processed. The data processing included trial alignments using the first deflection of the accelerometer signal from its baseline, which showed the moment of lift off of the object. Aligned trials within each series were averaged for each subject. The data were then analyzed in MATLAB. The following outcome measures were obtained: peak grip force (PGF), as the maximum grip force applied by the thumb and 4 fingers on the cup during the task performance in Newtons (N); maximal load force (LF max ; N), calculated as the product of the mass of the object (m) and the vector sum of the horizontal (Y), lateral (X), and vertical (Z) acceleration (A) taking into account gravity (g) 25 ; and the force ratio (PGF/LF max ), calculated by dividing the PGF by the LF max to obtain an estimate of the efficiency of grip force production. 26 In addition, we measured the time lag as the time difference between peak grip force (T PGF ) and peak load force (T LFmax ) (in seconds) and the latency of the grip force as the time difference between the initiation of grip force application and the time of object lift off. Slip force and static grip force applied while holding the object (N) were measured, and the safety margin was calculated as the difference between the static grip force and the slip force. Finally, the velocity of the movement was calculated by integrating the vectorial sum of the acceleration signal.
Descriptive statistics (Table 1) were obtained for all relevant subject characteristics and baseline tasks. Two-way analyses of variance (ANOVAs; group and side) were performed on each of 7 dependent variables (velocity, peak grip force, force ratio, time lag, latency, safety margins, and maximal grip force) to compare the difference between groups for each task (placing and drinking). A post hoc analysis was used to detect the differences within factors. Statistical significance was set at P < .05.
Results
The results are presented for each task separately.
Task 1: Placing the Object on a Shelf
The subjects in both groups performed the task with similar velocity of movement. The mean peak velocity during the placing task (312 g object) for the more affected and less affected sides of individuals with MS was 51.28 ± 3.87 and 55.48 ± 4.35 m/s, respectively. For the control subjects, the mean peak movement velocity was 55.02 ± 3.90 m/s for the dominant side and 55.35 ± 2.60 m/s for the nondominant side. Thus, no differences were found (F 1,32 = 0.234; P = .632). When the subjects were required to manipulate the object of the increased mass (538 g), the mean velocity of movement was 53.94 ± 4.41 m/s for the more affected side and 53.27 ± 5.22 m/s for the less affected side in MS subjects. In control subjects, the mean peak movement velocity was 53.53 ± 3.88 m/s for the dominant hand and 53.63 ± 3.02 m/s for the nondominant hand. The difference in peak velocity of movements between the groups and sides was not significant (F 1,31 = 0.00; P = .995). In some experimental conditions data for 1 subject were excluded because of malfunctioning of the recording system.
The mean peak grip force applied to the cup by the patients during the placing task was 17.4 ± 1.58 and 15.83 ± 3.44 N, respectively, for the more affected hand and less affected hand lifting the 312-g object (Figure 2 ). The control subjects applied smaller forces with their dominant (12.14 ± 1.56 N) and nondominant hand (10.90 ± 1.13 N; F 1,32 = 6.586; P = .015). When the patients lifted the 538-g cup, the grip force increased to 23.77 ± 2.34 N in the more affected hand and to 18.51 ± 2.55 N in the less affected hand of the patients and to 16.50 ± 1.98 N in the dominant hand and 14.55 ± 2.03 N in the nondominant hand of controls, which differed between groups (F 1,31 = 5.273; P = .029).
The force ratio during the placing task for individuals with MS was 4.21 ± 0.47 and 3.54 ± 0.89 in the more affected hand and less affected hand, respectively. In control subjects, the force ratio was 2.88 ± 0.33 in the dominant hand and 2.68 ± 0.30 in the nondominant hand. ANOVA revealed that this difference between the 2 groups was statistically significant (F 1,32 = 4.158; P = .05). The force ratio increased in patients when lifting the 538-g cup, reaching 3.16 ± 0.37 in the more affected hand and 2.68 ± 0.43 in the less affected hand. In the control subjects, the efficiency ratio changed to 2.23 ± 0.25 in the dominant hand and to 2.02 ± 0.26 in the nondominant hand. The effect of the group on the force ratio was statistically significant (F 1,31 = 5.396; P = .027).
The time lag between the peak of load force and peak of grip force during the task of placing the 312-g instrumented object on the shelf in patients with MS was 44.29 ± 18.38 and 89.04 ± 16.62 milliseconds, respectively, for the more affected side and the less affected side; for the control subjects, it was 11.74 ± 4.31 and 27.61 ± 14.12 milliseconds, respectively, for the dominant side and the nondominant side. This difference in means between the groups was not significant (F 1,32 =3.46; P = .072). The time lag changed to 80.29 ± 18.38 milliseconds for the more affected and to 76.04 ± 16.62 milliseconds for the less affected side in MS patients; for the control subjects, it was 12.74 ± 4.31 milliseconds for the dominant side and 18.61 ± 14.12 milliseconds for the nondominant side while lifting the 538-g object. ANOVA revealed a difference between the 2 groups (F 1,31 = 6.009; P = .02).
The values of the latency are presented in Table 2 . The differences between the patients and control subjects were not statistically significant.
Task 2: Simulating Drinking
The average velocity of movement during the performance of the drinking task (m =312 g) for the group of individuals with MS was 31.06 ± 3.53 and 30.67 ± 3.35 m/s, respectively, for the more affected hand and the less affected hand and 33.40 ± 4.57 and 30.88 ± 4.15 m/s, respectively, for the control subjects' dominant and nondominant hands. There was no difference between the velocity of the movement between the groups and between the hands tested (F 1,31 = 1.85; P = .18). When the load was increased (m = 538 g), the mean velocity of movement was 31.99 ± 2.95 m/s for the more affected hand and 27.80 ± 2.99 m/s for the less affected hand in MS subjects. In control subjects, the movement velocity was 33.44 ± 2.68 m/s for the dominant hand and 28.81 ± 3.34 m/s for the nondominant hand. The difference in peak of velocity of movements between the groups and sides was not significant (F 1,31 = 0.164; P = .688).
The mean peak grip force applied to the cup by the individuals with MS during performance of the "drinking" task using the 312-g cup was 14.98 ± 3.11 and 14.89 ± 2.29 N, respectively, with their more affected and less affected hands. The peak grip force applied by the control subjects by their dominant hand and nondominant hand was 9.56 ± 0.87 and 8.87 ± 0.93 N, respectively (Figure 3 ). ANOVA revealed a difference between the 2 groups (F 1,31 = 7.930; P = .008). Grip force increased in the MS patients in the more affected side to 17.69 ± 1.87 N and in the less affected side to 15.87 ± 2.07 N when they were required to lift the 538-g cup. Similarly, in control subjects the grip force increased to 13.09 ± 0.87 N in the dominant hand and to 13.30 ± 1.08 N in the nondominant hand. This difference between the 2 groups was found to be just below the level of statistical significance (F 1,31 = 3.902; P = .057).
The force ratio calculated during performance of the simulated drinking task using the 312-g cup in patients with MS was 3.92 ± 1.22 in the more affected hand and 3.99 ± 0.60 in the less affected hand. Control subjects demonstrated a force ratio of 2.37 ± 0.24 in the dominant hand and 2.32 ± 0.25 in the nondominant hand. This difference between the 2 groups was found to be statistically significant (F 1,31 = 8.524; P = .006). When lifting the 538-g cup, the force ratio reached 2.80 ± 0.42 and 2.54 ± 0.41, respectively, in the more affected and less affected hands of the patients with MS, and in control subjects, it was 2.06 ± 0.18 for the dominant hand and 2.10 ± 0.23 for the nondominant hand. The difference between the 2 groups was just below the level of statistical significance (F 1,31 =4.12; P = .05).
The mean time lag between the peaks of the load force and peak of grip force during the task mimicking drinking maneuver involving the 312-g cup in patients with MS was 99.43 ± 69.97 milliseconds for the more affected and 63.95 ± 16.24 milliseconds for the less affected side. For the control subjects, it was 34.14 ± 8.49 milliseconds for the dominant hand and 18.11 ± 3.30 milliseconds for the nondominant side. This difference in means was statistically significant (F 1,31 = 6.019; P = .02). As weight of the cup increased to the 538 g, the time lag changed to 65.43 ± 69.97 milliseconds for the more affected hand and 120.95 ± 42.24 milliseconds for less affected hand in MS patients, and for the control subjects, it was 25.14 ± 5.49 and 24.11 ± 10.30 milliseconds, respectively, for the dominant and nondominant sides. ANOVA revealed that this difference between the 2 groups was statistically significant (F 1,31 = 6.277; P = .018).
The mean safety margin in the more affected hand of individuals with MS was 4.23 ± 0.60 N, and it was 2.62 ± 0.33 N for the less affected hand. In the control subjects, the safety margin was 2.00 ± 0.16 and 2.19 ± 0.25 N, respectively, for the dominant and nondominant hands. A 2-way ANOVA revealed that there was statistical significance between the 2 groups (F 1,31 =14.81; P = .001) as well as significance in terms of the side affected in MS patients (P = .002), but no statistically significant difference was found between the dominant and nondominant hands in control subjects. 
Figure 2 Peak Grip Force During the Performance of the Placing Task With the Object of Small (A) and Large (B) Weight
The average maximum grip force for MS patients was 83.96 ± 6.27 and 89.94 ± 8.66 N, respectively, for the more affected and less affected sides. In comparison, the maximum grip force for the control subjects was 101.69 ± 9.38 and 86.45 ± 8.92 N, respectively, for the dominant and nondominant hands. The difference between the 2 groups was not statistically significant (F 1,31 = 1.66; P = .233), but the hand dominance in the control group was significant (P = .002).
Discussion
Holding and transporting objects are skillful motor processes, frequently used in daily life. The motor commands for hand and finger force scaling must be selected and adjusted to the objects' physical properties, such as weight, shape, and surface friction as well as to dynamic movement properties such as inertia. 27, 28 Individuals with stroke, cerebellar disorders, Parkinson's disease, and impaired tactile sensibility apply excessive grip force while lifting handheld objects. [29] [30] [31] [32] [33] Moreover, individuals with MS use greater grip forces during static bimanual tasks. 15, 23 We looked for differences between the control of grip force in patients with MS and healthy controls in terms of force production, regulation, and timing of forces during the tasks of simulating a daily activity of placing a cup on a shelf or drinking.
The patients and control subjects performed the movement similarly in terms of speed of movement with each hand. The patients with MS applied a significantly higher peak grip force than the healthy controls during the 2 tasks with an increase in the force ratio. Greater grip forces were seen in patients with MS during a static bimanual task involving visual tracking. 15 An increase in magnitude of grip force compared with healthy controls was also described in individuals with stroke while lifting and transporting an object in horizontal 34 and vertical 35 planes, in individuals with severe sensory polyneuropathy while moving the object in vertical plane, 33 and in individuals with Parkinson's disease during lifting and holding an object. 30 Why might patients with MS use larger grip forces? One possible explanation is that individuals with MS had an impaired feedback control of grip force. In fact, the patients had a mild to moderate decrease in sensory threshold (Table  1) , which could disrupt information from cutaneous receptors. Previous studies involving healthy subjects exposed to digital anesthesia demonstrated that a decrease in finger sensation results in higher grip forces applied to an object. 36, 37 Also, healthy subjects exposed to a sensory conflict applied excessive grip forces. [38] [39] [40] A close relationship between grip force scaling and measures of tactile sensitivity was reported for children with cerebral palsy, 41 and individuals with a sensory polyneuropathy applied almost 2 times larger grip forces than control subjects. 33 Thus, it is quite likely that diminished Another possible explanation relates to the observed increased safety margins in our subjects with MS. This difference between the applied grip force and slip force may be greater in individuals with neurological disorders 42 or elderly individuals, 8 which is a deliberate strategy to prevent accidental slippage of the object. The time lag between the grip force and the load force in healthy individuals ranges from −10 to +15 milliseconds. 43 Similar magnitudes of the time lag were observed in control subjects in the current study. The absence of a temporal delay between grip force and load force suggests that the central nervous system of a healthy individual is able to predict load variations before the intended manipulation. 44 Our MS subjects showed longer time lags between the peaks of grip force and load force (from 44 to 120 milliseconds), suggesting that their "centrally mediated predictive temporal modulation of grip and load force," as coined by Augurelle et al, 45 is impaired. Transient loss of cutaneous feedback because of digital anesthesia may not affect the precise temporal coupling between grip force and load force 46 ; however, chronic sensory impairment reported in the individuals with MS could have affected their ability to minimize temporal delay between grip force and load force. People with permanent loss of sensation lack temporal coupling between grip force and load force. 14, 25 Relative task complexity 47 and slow central conduction 48 may also contribute.
The results of the peg board and grip strength tests were consistent with the grip and time measures. Our MS subjects took about 10 seconds longer to perform the peg test compared with control subjects, and grip strength was almost 5 to 8 kg less in MS patients regardless of which hand was tested. The nondominant hand is usually weaker in healthy subjects, 49, 50 but both the hands of the patients were weaker than the hands of control subjects. Patients with MS applied 20% of their maximal force, whereas healthy subjects applied only 11% of their maximal force during manipulative tasks. Similar results were reported in stroke patients. 34 Several possible confounders are of note. The experimental tasks involved movements performed mainly in the vertical plane (drinking task) and horizontal plane (placing task). Although we recorded the object's acceleration in the 3 orthogonal planes, grip force was measured using a unidirectional force sensor. As such, we were not able to distinguish between the magnitude of the grasping force and the manipulation force, 51 which could be considered as a study limitation. A unidirectional force sensor, however, has been used previously to examine vertical or horizontal point-to-point movement in healthy individuals and patients. 25, 26, 52 In addition, changes in the vertical orientation of the object during the task performance have been associated with changes in the grip force applied to the instrumented object. 51 Although we believe that this was not the case because the subjects in the current study were instructed to keep the cup vertical at all times, it is possible that in some trials the object orientation changed.
Our approach to gathering quantitative data on grip force applied during the performance of functional tasks may add to the outcome measures for interventions during neurorehabilitation of patients with central nervous system diseases. 53, 54 Our data also suggest that individuals with MS may apply increased levels of grip force during the performance of functional tasks, which could predispose them to cumulative trauma disorders such as tendonitis and to fatigue. 55, 56 As such, rehabilitation training may need to include additional rest periods. Another possibility is to use biofeedback to help the patient modulate the applied grip force and eventually decrease the excessive grip force employed during tasks.
